Intradendritic recordings in Purkinje cells from a defined area in parasaggital slices of cerebellar lobule HVI, obtained after rabbits were given either paired (classical conditioning) or explicitly unpaired (control) presentations of tone and periorbital electrical stimulation, were used to assess the nature and duration of conditioning-specific changes in Purkinje cell dendritic membrane excitability. We found a strong relationship between the level of conditioning and Purkinje cell dendritic membrane excitability after initial acquisition of the conditioned response. Moreover, conditioning-specific increases in Purkinje cell excitability were still present 1 month after classical conditioning. Although dendritically recorded membrane potential, input resistance, and amplitude of somatic and dendritic spikes were not different in cells from paired or control animals, the size of a potassium channel-mediated transient hyperpolarization was significantly smaller in cells from animals that received classical conditioning. In slices of lobule HVI obtained from naive rabbits, the conditioning-related increases in membrane excitability could be mimicked by application of potassium channel antagonist tetraethylammonium chloride, iberiotoxin, or 4-aminopyridine. However, only 4-aminopyridine was able to reduce the transient hyperpolarization. The pharmacological data suggest a role for potassium channels and, possibly, channels mediating an I A -like current, in learning-specific changes in membrane excitability. The conditioning-specific increase in Purkinje cell dendritic excitability produces an afterhyperpolarization, which is hypothesized to release the cerebellar deep nuclei from inhibition, allowing conditioned responses to be elicited via the red nucleus and accessory abducens motorneurons.
Intradendritic recordings in Purkinje cells from a defined area in parasaggital slices of cerebellar lobule HVI, obtained after rabbits were given either paired (classical conditioning) or explicitly unpaired (control) presentations of tone and periorbital electrical stimulation, were used to assess the nature and duration of conditioning-specific changes in Purkinje cell dendritic membrane excitability. We found a strong relationship between the level of conditioning and Purkinje cell dendritic membrane excitability after initial acquisition of the conditioned response. Moreover, conditioning-specific increases in Purkinje cell excitability were still present 1 month after classical conditioning. Although dendritically recorded membrane potential, input resistance, and amplitude of somatic and dendritic spikes were not different in cells from paired or control animals, the size of a potassium channel-mediated transient hyperpolarization was significantly smaller in cells from animals that received classical conditioning. In slices of lobule HVI obtained from naive rabbits, the conditioning-related increases in membrane excitability could be mimicked by application of potassium channel antagonist tetraethylammonium chloride, iberiotoxin, or 4-aminopyridine. However, only 4-aminopyridine was able to reduce the transient hyperpolarization. The pharmacological data suggest a role for potassium channels and, possibly, channels mediating an I A -like current, in learning-specific changes in membrane excitability. The conditioning-specific increase in Purkinje cell dendritic excitability produces an afterhyperpolarization, which is hypothesized to release the cerebellar deep nuclei from inhibition, allowing conditioned responses to be elicited via the red nucleus and accessory abducens motorneurons.
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A region of rabbit cerebellar lobule H V I has been identified in which increases in Purkinje cell dendritic excitability can be detected after 3 d of classical conditioning of the rabbit nictitating membrane response (NMR) (Schreurs et al., 1997a) . The identified region may correspond to an area of c3 shown to be involved in eyelid responses in the cat and ferret (Hesslow, 1994a,b; Hesslow and Ivarsson, 1994) . The purpose of our study was to test the hypothesis that Purkinje cell dendrites in this region of rabbit cerebellar lobule H V I show increases in membrane excitability as a function of the level of conditioning and that increases in excitability are still present 1 month after conditioning. We also wanted to pursue evidence that potassium channels may be involved in these membrane changes in excitability (Schreurs et al., 1997a) .
Classical conditioning of rabbit nictitating membrane-eyelid responses involves presentation of a tone conditioned stimulus (CS) followed by air puff to or electrical stimulation around the eye as the unconditioned stimulus (US) (Gormezano et al., 1962 (Gormezano et al., , 1983 Schreurs, 1989) . Using optimal conditioning parameters, rabbits begin acquiring conditioned responses (CRs) during a single 80-trial session (Scharenberg et al., 1991) and reaching an asymptote of 90% CRs by the third session (Schreurs, 1993; Schreurs et al., 1991 Schreurs et al., , 1997a . Studies of long-term memory of the rabbit NMR (Schreurs, 1993) show that 1 month after training animals can elicit CRs to tone alone at a level of 80% (range, 49 -99%) .
Extensive lesion and recording data implicate cerebellar deep nuclei and cortex in classical conditioning of the rabbit NMR (McCormick and Thompson, 1984; Yeo et al., 1985a,b; Berthier and Moore 1986; Schreurs et al., 1991 Schreurs et al., , 1997a Perrett et al., 1993; Thompson and Krupa, 1994; Gruart and Yeo, 1995; Steinmetz, 1994, 1996; Katz and Steinmetz, 1997) . Lesions of lobule HVI and ansiform of cerebellar cortex ipsilateral to the stimulated eye disrupt CRs, and although CRs eventually return, they are considerably lower in frequency and amplitude (Yeo et al., 1985b; Lavond et al., 1987; Lavond and Steinmetz, 1989) . Bilateral lesions of lobule HVI abolish or severely impair CRs in trained animals without affecting unconditioned responses and, even more importantly, these lesions prevent relearning of the CR (Gruart and Yeo, 1995; Ivarsson et al., 1997) . In vivo extracellular recording in and around lobule HVI during learning suggests that some Purkinje cells show CR-related increases and others show CR-related decreases in simple and/or complex spike activity (Berthier and Moore, 1986; Thompson, 1990; Gould and Steinmetz, 1996; Katz and Steinmetz, 1997) . In fact, Berthier and Moore (1986) , Gould and Steinmetz (1996) , and Katz and Steinmetz (1997) all reported that cells with increased firing rates outnumber cells with decreased firing rates by a ratio of 2:1. Although the location of these cells cannot be precisely deter-mined, the increased firing rates are consistent with in vitro findings of increased dendritic excitability in Purkinje cells of lobule H V I after conditioning (Schreurs et al., , 1997a .
MATERIALS AND METHODS
Behavior. The subjects were adult male, albino rabbits (Or yctolagus cuniculus) weighing ϳ2.0 -2.2 kg at the start of training. Rabbits were individually housed, given access to food and water, and maintained on a 12 hr light /dark cycle. Animals were allocated randomly to groups in which they received either paired stimulus presentations (paired) or explicitly unpaired stimulus presentations (unpaired). Rabbits received 1 d of preparation and either 1 or 3 d of stimulus presentation. On adaptation day, the rabbits were prepared for periorbital electrical stimulation and recording of nictitating membrane movement and then adapted to the training chambers for the length of time of subsequent training sessions (80 min). A training session for the paired group consisted of 80 presentations of a 400 msec, 1000 Hz, 82 dB tone C S that coterminated with a 100 msec, 60 Hz, 2 mA electrical pulse US. Paired stimulus presentations were delivered, on average, every 60 sec (range, 50 -70 sec). A session for the unpaired group consisted of 80 C S-alone and 80 US-alone presentations, which occurred in an explicitly unpaired manner delivered, on average, every 30 sec (range, 20 -40 sec) . Stimulus delivery and data collection were accomplished using a Compaq ASYST system previously described (Schreurs and Alkon, 1990 ) and modeled after systems developed by Gormezano (Gormezano et al., 1962; Gormezano, 1966) . A response was scored as a conditioned response if it exceeded a criterion amplitude of 0.5 mm between C S onset and the point of US onset.
Slice preparation. T wenty four hours after 1 d of paired (n ϭ 11) or explicitly unpaired stimulus presentations (n ϭ 11), or after 1 month in the home cage after 3 d of stimulus presentations (paired, n ϭ 16; unpaired, n ϭ 14), rabbits were anesthetized deeply with sodium pentobarbital (30 mg / kg) and decapitated. A rapid craniotomy that removed the occipital bone and mastoid processes allowed the cerebellum and brainstem to be detached, removed, and chilled in 95% O 2 -and 5% CO 2 -saturated artificial C SF (AC SF) within ϳ70 -90 sec. Next, the area surrounding the right H V I lobule (ipsilateral to the side of training; see Fig. 1 A for details of tissue location) was isolated and attached with cyanoacrylate to an agar block in the cutting chamber. The isolated tissue was then immersed in chilled AC SF, and 400 m parasagittal slices were cut with a vibrating slicer (Vibratome 1000; Technical Products Inc., St L ouis, MO). After this procedure, slices were incubated in saturated AC SF at room temperature for at least 1 hr before being placed in a modified recording chamber in which the AC SF was maintained at 32°C . The AC SF contained (in mM): NaC l 124, KC l 3, MgSO 4 1.2, C aC l 2 2.1, Na 2 PO 4 1.2, NaHC O 2 26, and dextrose 10, and was saturated with a mixture of 95% O 2 and 5% C O 2 , pH 7.4.
Intradendritic recording. Intracellular recordings from Purkinje cell dendrites were obtained by advancing a glass microelectrode (Leitz micromanipulator, Wetzlar, Germany) through the molecular layer of slices of lobule HVI. The electrodes were targeted at the medial edge of the left folium in the second, third, or fourth slice cut from lobule HVI of the right hemisphere; that is, from the hemisphere ipsilateral to the side of training (Fig. 1 B; Schreurs et al., 1997a, their Fig. 2 ). Only stable recordings from Purkinje cell dendrites with membrane potentials lower than Ϫ50 mV and input resistances Ն28 M⍀ were used (Schreurs et al., 1996 (Schreurs et al., , 1997a . Recordings were made until 8 hr after decapitation. Microelectrodes of thickwalled glass (2 mm outer diameter, 1 mm inner diameter; FHC Inc., Bowdoinham, ME) were fabricated on a electrode puller (NE-2; Narishige, Tokyo, Japan), filled with 3 M potassium acetate, and had a DC resistance of 60 -120 M⍀. A bridge amplifier (Axoprobe-1A, Axon Instruments, Foster City, CA) was used for all intradendritic recording. The recording electrodes were positioned with the aid of a binocular dissecting microscope (Wild, Switzerland, magnification up to 50ϫ), which permitted visualization of the different cortical layers.
Data measurement and anal ysis. Data were recorded on videocassette tape using a pulse code modulation videocassette recorder (DX-900, Toshiba) and digitized using pC lamp6 or Axoscope software (Axon Instruments). The majority of Purkinje cell dendrites revealed autorhythmic spontaneous activity (L linas and Sugimori, 1980; . Membrane potential was determined as the potential for somatic activity phase (Schreurs et al., , 1996 . Input resistance measures were based on a 0.5 nA, 700 msec hyperpolarizing current step. The current necessary to hyperpolarize the dendrite 20 mV below the somatic spike activity level was determined and applied to the membrane to measure the dendritic spike threshold. The dendritic spike threshold was established by applying current steps starting at Ϫ0.5 nA and increasing in 0.2 nA steps to 3.1 nA. Threshold measurements were based on the specific 700 msec current step required to elicit local, dendritic, calcium spikes. Because of the difficulty in passing current Ͼ3 nA reliably, only cells that reached a threshold at or below the 3.1 nA step were included in the analysis.
An examination of the subthreshold depolarizing current steps in our previous experiments , their Fig. 2, 1997a Fig.  1 ) suggested a marked reduction in the transient hyperpolarization in cells from animals given 3 d of paired training relative to cells from unpaired control subjects. To examine potential differences in transient hyperpolarization as a f unction of classical conditioning in the present experiments, the size of transient hyperpolarizations was determined by measuring the difference between the maximum and minimum voltage during the depolarization current step before the occurrence of somatic spikes (see Figs. 2C, 4A) . In addition, the size of the afterhyperpolarization was assessed by measuring the difference between the baseline voltage before and the minimum voltage after the depolarizing current step used to measure the transient hyperpolarization (see Fig. 4 A) .
Potassium channel pharmacolog y. The potassium channel antagonist TEA (1-10 mM; Sigma, St L ouis, MO), the calcium-dependent potassium channel antagonist iberiotoxin (40 -80 nM; Research Biochemicals, Figure 1 . Learning-specific changes in membrane excitability can be found in a specific zone of lobule H V I. A, Anterior view of the right cerebellum indicating the area from which slices were cut (location of recording sites shown by black rectangle). B, Sample slice depicted so that the rabbit's left folium of lobule H V I is shown on the left (location of recording sites comprising a "learning zone" shown by gray square). The dotted line represents the division between the granular layer and the molecular layer. Natick, M A), the transient potassium channel I A antagonist 4-AP (50 -500 M; Aldrich, Milwaukee, W I), or the AC SF vehicle was applied to the slice via whole-bath perf usion. Dendritic spike thresholds were determined as the average of at least two threshold measurements taken before a 4 min perfusion of TEA, iberiotoxin, 4-AP, or AC SF and again after the perf usion. Measurement of the transient hyperpolarization and afterhyperpolarization were made from the largest positive current step before the occurrence of somatic spikes.
Statistics.The data in the text and figures are expressed as mean Ϯ SEM. Data were analyzed statistically by t tests or ANOVAs. Differences in frequency distributions were analyzed by 2 tests.
RESULTS

Purkinje cell dendritic membrane excitability after 1 d of classical conditioning
After 1 d of paired stimulus presentations, rabbits reached a mean level of 36.7% CRs (range, 2.5-82.6% CRs), whereas after 1 d of unpaired stimulus presentations, rabbits showed a mean level of only 1.0% responding to the tone CS (range, 0 -3.6%). There was a significant difference between the paired and unpaired groups in the level of responding (F (1,20) ϭ 29.35; p Ͻ 0.001).
A total of 95 cells were successfully penetrated and of these, 87 cells met the membrane potential, input resistance, and dendritic spike threshold criteria and were included in the analysis. All of the cells included in the analysis were recorded with the experimenter blind to the level of responding shown by the rabbits. Figure 2 details the relationship between percent responding and mean dendritic spike threshold for rabbits with at least two dendritic threshold measurements (Fig. 2 A) , a scatter plot of thresholds for Purkinje cell dendrites for rabbits in Figure 2A ( Fig. 2B) , a sample depolarizing current step showing the size of the transient hyperpolarization in a cell from a paired rabbit and in a cell from an unpaired rabbit (Fig. 2C, a) , and the mean transient hyperpolarization for all cells from paired and unpaired animals (Fig. 2C, b) .
Inspection of Figure 2 A shows a strong linear relationship between percent responding and mean dendritic spike threshold for the paired group. In fact, there was a highly significant correlation between percent responding and mean threshold (r ϭ Ϫ0.80; p Ͻ 0.01) for paired rabbits, whereas there was only a weak, nonsignificant relationship for unpaired rabbits (r ϭ Ϫ0.05; p Ͼ 0.8). Although there is some overlap in the distribution of mean threshold values for the two groups, the scatterplot in Figure 2 B shows that there is a unique group of cells recorded in slices from paired animals that had lower thresholds than any of the cells recorded in slices from unpaired rabbits. An analysis of the relative frequency distribution of thresholds for dendritic spikes between the paired and unpaired groups showed there were significantly more cells with low dendritic spike thresholds in slices taken from rabbits in the paired group than in slices taken from rabbits in the unpaired group ( 2 ϭ 29.79; p Ͻ 0.001). Although in the right direction, there was no overall difference in the mean threshold for dendritic spikes between cells from rabbits in the paired group (1.76 Ϯ 0.09 nA) and rabbits in the unpaired group (1.93 Ϯ 0.08 nA; p Ͻ 0.09).
A comparison of the depolarizing current step for a cell from a paired and an unpaired animal in Figure 2C , a, shows a clear reduction in the size of the transient hyperpolarization as a result of paired training. Figure 2C , b, shows that the difference in mean transient hyperpolarization between cells from paired (Ϫ1.36 Ϯ 0.12 mV) and unpaired animals (Ϫ2.09 Ϯ 0.14 mV) was highly significant ( p Ͻ 0.01). There was no significant difference in the size of the afterhyperpolarization between cells from paired (Ϫ1.62 Ϯ 0.11 mV) and cells from unpaired animals (Ϫ1.87 Ϯ 0.15 mV; p Ͻ 0.08).
The analysis of transient hyperpolarizations suggests that as a result of only 1 d of classical conditioning, changes in potassium channels are already taking place (Hounsgaard and Midtgaard, 1988) . Specifically, the transient hyperpolarization in cells from animals that received paired training was lower than in cells from animals that received unpaired stimulus presentations, indicating a reduction in outward potassium currents. These data are consistent with a body of evidence from both vertebrate and invertebrate experiments showing that potassium channels are modified as a consequence of learning (Alkon et al., 1982; Cowan and Siegel, 1986; Sanchez-Andres and Alkon, 1991; Meiri et al., 1997) .
Finally, there were no significant differences between cells from the paired group (n ϭ 49) and cells from the unpaired group (n ϭ 38) in membrane potential (Ϫ58.5 Ϯ 0.55 vs Ϫ58.2 Ϯ 0.62 mV), input resistance (31.2 Ϯ 0.62 vs 30.1 Ϯ 0.48 M⍀), somatic spike amplitude (7 Ϯ 1.03 vs 8.3 Ϯ 1.35 mV), or dendritic spike amplitude (27.1 Ϯ 1.36 vs 26.7 Ϯ 1.95 mV). There was a slight but significant difference in the current required to hyperpolarize the membrane by 20 mV between cells from paired subjects and cells from unpaired subjects (Ϫ0.76 Ϯ 0.02 vs Ϫ0.84 Ϯ 0.02 nA; p Ͻ 0.05).
Purkinje cell dendritic membrane excitability 1 month after classical conditioning
Paired subjects all showed levels of conditioning in excess of 85% conditioned responses by the end of the 3 d of training, whereas unpaired subjects showed only baseline levels of responding (Ͻ3%; Schreurs et al., 1991 Schreurs et al., , 1997a . Although the rabbits were not presented with the tone CS before the preparation of slices, previously obtained behavioral data indicated that 1 month after 3 d of paired training, rabbits responded to tone alone presentations at a mean level of 80% CRs and response levels ranged from 49 to 99% CRs (Schreurs, 1993) .
A total of 122 cells were successfully penetrated, and 108 of the penetrated cells met the membrane potential, input resistance, and dendritic spike threshold criteria and were included in the analysis. Forty-four of the cells included in the analysis (40%) were recorded with the experimenter blind to the behavioral condition of the animals.
Figure 3 details individual current steps for a Purkinje cell from a paired and unpaired rabbit (Fig. 3A) as well as the mean dendritic spike threshold (Fig. 3B ) and relative frequency distribution of thresholds (Fig. 3C) for Purkinje cell dendrites from paired and unpaired rabbits. The individual traces (Fig. 3A) show that, at a current step of 0.5 nA, neither cell reached dendritic spike threshold, but at a current step of 0.7 nA, the cell from the paired animal did reach threshold for dendritic spikes. The column graph (Fig. 3B) shows that cells (n ϭ 61) obtained from paired rabbits required a mean current of 1.62 Ϯ 0.05 nA to elicit dendritic spikes, whereas cells (n ϭ 47) obtained from unpaired animals required a significantly higher mean current of 1.82 nA Ϯ 0.04 to elicit the same spikes ( p Ͻ 0.05). The relative frequency distribution of threshold values (Fig. 3C) suggests that there was a shift to the left (lower thresholds) for cells from paired animals in the lowest bin (0.5-0.9 nA) that contains 15% of the cells from paired rabbits and only 2% from unpaired rabbits. A statistical analysis of the distribution of threshold values yielded a significant difference between the distribution of thresholds for paired and unpaired groups ( 2 ϭ 13.35; p Ͻ 0.025). These data suggest that conditioning-specific changes in Purkinje cell dendrite membrane excitability first observed 24 hr after training (Schreurs et al., , 1997a are still detectable in a learning zone of lobule HVI 1 month after training. This is in contrast to the conditioning-specific changes observed in CA1 and CA3 pyramidal cells of the hippocampus, which are no longer detectable 1 week after training . In fact, the increase in membrane excitability detected 1 month after conditioning may be the first memory-specific electrophysiological changes that have been detected so long after conditioning. Figure 4 A shows a sample depolarizing current step in a cell from a paired rabbit and in a cell from an unpaired rabbit. Figure  4 , B and C, illustrates the mean transient and mean afterhyperpolarizations, respectively, for cells from paired animals and for cells from unpaired animals. A comparison of the depolarizing current step for a cell from a paired rabbit and a cell from an unpaired animal in Figure 4 A shows a reduction in the size of the transient hyperpolarization and the afterhyperpolarization as a result of paired training. Figure 4 , B and C, shows and statistical analyses confirm that the difference in the mean transient and the mean afterhyperpolarization between cells from paired and unpaired animals was significant ( p Ͻ 0.001 and p Ͻ 0.01, respectively). There was a significant correlation between threshold for dendritic spikes and both transient and afterhyperpolarization for cells from paired animals (r ϭ Ϫ 0.56 and Ϫ0.36, respectively; p Ͻ 0.01) and a weaker correlation between threshold for dendritic spikes and the transient hyperpolarization in cells from unpaired animals (r ϭ Ϫ0.31; p Ͻ 0.05). These data suggest that the currents underlying the transient and afterhyperpolarizations may comprise one of the currents underlying the dendritic spike threshold measure.
Previous evidence of conditioning-specific changes in potassium channels has been limited to 1-2 weeks after training. For example, reductions in hippocampal CA1 and CA3 cell afterhyperpolarization that are mediated by potassium channel changes have only been observed 1 week after conditioning. These changes in AHPs were observed to return to baseline levels 2 weeks after training Thompson et al., 1996) . Similarly, input resistance increases in Hermissenda B photoreceptor that were also mediated by potassium channels and were in evidence 6 d after classical conditioning were no longer detectable 2 weeks after training (Matzel et al., 1992) . Consequently, the present experiment provides the first evidence of truly longterm changes in potassium channels as a f unction of classical conditioning.
There were no other significant differences between cells from animals in the paired group (n ϭ 61) and cells from animals in the unpaired group (n ϭ 47) in membrane potential (Ϫ58.2 Ϯ 0.54 vs Ϫ57.8 Ϯ 0.69 mV), input resistance (29.2 Ϯ 0.7 vs 32 Ϯ 0.73 M⍀), current required to hyperpolarize the membrane by 20 mV (Ϫ0.8 Ϯ 0.02 vs Ϫ0.8 Ϯ 0.02 nA), somatic spike amplitude (6.7 Ϯ 0.89 vs 7.0 Ϯ 1.10 mV), or dendritic spike amplitude (27.3 Ϯ 1.32 vs 29.7 Ϯ 1.51 mV).
Potassium channel role in Purkinje cell excitability
There is a large body of evidence that suggests that potassium channels, particularly I A and Ca 2ϩ -dependent K ϩ , play a major role in physiological changes underlying classical conditioning in a number of preparations (Alkon, 1989; Coulter et al., 1989; Sanchez-Andres and Alkon, 1991; Woody et al., 1991; . In the cerebellum, local dendritic calcium spikes are correlated with changes in local internal calcium concentration and controlled by transient outward potassium current (I A ) inactivation (Llinas and Sugimori 1980; Midtgaard et al., 1993; Midtgaard 1994 Midtgaard , 1995 . There is some evidence from slices of rabbit cerebellar cortex to suggest that potassium channels may also play a role in the changes in membrane excitability found after classical conditioning of the rabbit NMR (Schreurs et al., 1997a) . We used the potassium channel blocker TEA, the calciumdependent potassium channel antagonist iberiotoxin (IBERIO), and the transient potassium channel I A antagonist 4-AP to elucidate the potential role of potassium channels in the changes in excitability, transient hyperpolarization, and afterhyperpolarization of Purkinje cell dendrites after classical conditioning of the rabbit NMR. Figure 5 depicts the percent change in dendritic spike threshold in Purkinje cell dendrites in slices from naive rabbits as a function of the perf usion of the AC SF vehicle, iberiotoxin, TEA, or 4-AP.
The figure shows a clear and substantial effect of all three potassium channel antagonists on membrane excitability evidenced by a significant decrease in the threshold for dendritic spikes. In particular, the threshold for dendritic spikes decreased dramatically after the perfusion of iberiotoxin (Ϫ27.74 Ϯ 6.07%), TEA (Ϫ36.37 Ϯ 3.35%), or 4-AP (Ϫ25.25 Ϯ 6.62%), whereas the threshold for dendritic spikes changed very little as a result of the ACSF vehicle (3.93 Ϯ 2.74%). Statistical analysis confirmed a significant effect of drug (F (3,40) ϭ 23.24; p Ͻ 0.001), which was attributable to the decrease in threshold induced by iberiotoxin, TEA, and 4-AP ( p values Ͻ 0.01) relative to the ACSF vehicle control. There were no significant differences between the drugs in their ability to increase dendritic excitability. Figure 6 shows the mean transient (Fig. 6 A) and afterhyperpolarization (Fig. 6 B) in naive cells before and after the perfusion of the ACSF vehicle, iberiotoxin, TEA, or 4-AP. The figure shows a clear and substantial effect of 4-AP on both the transient and afterhyperpolarization. In particular, although the transient and afterhyperpolarization of a positive current step changed very little as a result of the ACSF vehicle, iberiotoxin, or TEA perfusion, there was a significant reduction in both the transient ( p Ͻ 0.01) and afterhyperpolarization ( p Ͻ 0.05) as a result of 4-AP perfusion.
The antagonist 4-AP is relatively specific for the transient I A -like channel at low concentrations and application produced a 25% reduction in the threshold of the Purkinje cell dendrite. Moreover, only 4-AP was able to reduce the amplitude of the transient and afterhyperpolarizations. Although I A -like channels are usually rapidly inactivating (Rudy, 1988) , in the Purkinje cell, I A -like channels are found to inactivate slowly, especially after prolonged depolarization (Midtgaard, 1994) . This difference in current inactivation rate may be explained, in part, by the diver- sity of I A -like potassium channel structure among different cell types (Pongs, 1993) .
The effects of 4-AP may have been mediated by another slowly inactivating current, I D (Storm, 1990) . There are a number of similarities and differences between the I A -like current in the present experiments with Purkinje cells and the I D current found in hippocampal cells. First, I D is usually effective in hippocampal cells at membrane potentials similar to the potentials at which the transient hyperpolarizations were measured in the present experiment (Storm, 1990 ). The holding potentials were similar in both cases. Second, like the I A -like current and I D , the transient hyperpolarization in the present experiment demonstrates high sensitivity and selectivity for 4-AP (we saw effects of 4-AP at concentrations as low as 50 M). Third, inactivation of I D is extremely slow, usually of the order of several seconds (Storm, 1990) , whereas in the present experiments the transient hyperpolarization began to recover ϳ400 -500 msec into the 700 msec depolarizing step and, in many cases, had recovered completely by the end of the depolarizing step, suggesting a faster inactivation. Fourth, I D is sensitive to 4-AP and is thought to be involved in spike repolarization because 4-AP has been shown to broaden spike width in hippocampal cells (Storm, 1990) . In contrast, although 4-AP did increase dendritic spike amplitude during dendritic spike threshold measurements (10.0 Ϯ 3.5 mV before 4-AP vs 20.13 Ϯ 6.47 mV after 4-AP; n ϭ 6; p Ͻ 0.05), it did not widen dendritic spikes (full width, 3.55 Ϯ 0.73 vs 4.12 Ϯ 1.01 msec; p Ͼ 0.7).
DISCUSSION
The principal findings were (1) after 1 d of rabbit classical conditioning, Purkinje cell membrane excitability in an identified area of lobule HVI was related to strength of conditioning; (2) 1 month after 3 d of conditioning, increases in Purkinje cell excitability in this same area were still present; in both cases, excitability was indexed by the minimum current required to elicit dendritic calcium spikes and the amplitude of a transient hyperpolarization; (3) the learning-specific increase in excitability was mimicked in cells from naive animals by blocking potassium channels with TEA, iberiotoxin, or 4-AP; and (4) the learningspecific decrease in transient and afterhyperpolarization was mimicked in naive cells by application of 4-AP, an antagonist of the I A -like potassium current.
The results establish that there are learning-specific changes in membrane excitability of Purkinje cells in a relatively small, circumscribed area of lobule HVI that can be detected in slices 24 hr after just 1 d of training and that similar changes can be detected in the same area 1 month after training. The data extend previous reports of an increase in Purkinje cell membrane excitability in cells from paired animals after training (Schreurs et al., , 1997a . Moreover, the changes were found in a specific area of lobule HVI that might be termed a functional "learning zone" (Ito, 1989; Hesslow, 1994a; Chen and Thompson, 1995) . Our data support a role for lobule HVI in classical conditioning of the rabbit nictitating membrane-eyelid response (Yeo et al., 1985b,c; Berthier and Moore, 1986; Thompson, 1990; Schreurs et al., 1991; Hesslow, 1994a; Gruart and Yeo, 1995; Gould and Steinmetz, 1996; Schreurs et al., 1997a) and provide further evidence for a cerebellar role in learning and memory (Berthier and Moore, 1986; Thompson, 1986; Leiner et al., 1986 Leiner et al., , 1989 Supple and Kapp, 1993; LaLonde, 1994; Molchan et al., 1994; Andreasen et al., 1995; Logan and Grafton, 1995; Fiez, 1996; Kleim et al., 1997; Schreurs et al., 1997b) .
There are a number of issues raised by conditioning-specific changes in Purkinje cell excitability. First, changes in excitability may be an epiphenomenon and have little to do with conditioning. It has been argued that cerebellar structure and function are sufficiently well understood to conclude that there is no learningspecific cerebellar plasticity and that the cerebellum is only involved in timing and coordination (Welsh and Harvey, 1989; Llinas and Welsh, 1993; Perrett et al., 1993; Bloedel and Bracha, 1995; Anderson and Keifer, 1997) . Second, it has been suggested that learning-specific cerebellar plasticity exists but that it takes the form of long-term depression rather than increased excitability (Linden and Connor, 1992; Schreurs and Alkon, 1993) . Longterm depression is posited to reduce Purkinje cell excitability, which, in turn, reduces inhibition of deep nuclei allowing CRs to occur (Thompson, 1986; Ito, 1989) . We have provided evidence elsewhere suggesting that this may not be correct (Schreurs et al., 1997a) . In brief, we found a conditioning-specific increase rather than an expected decrease in Purkinje cell synaptic strength as well as greater difficulty in inducing long-term depression after conditioning.
The third issue raised by a conditioning-specific increase in Purkinje cell excitability is the need for corroboration, and a fourth issue concerns the relevance of increases in excitability for conditioning. Evidence for conditioning-specific increases in excitability comes from the present and previous in vitro experiments (Schreurs et al., , 1997a and is suggested by in vivo extracellular recordings. Recordings in and around lobule HVI have identified cells with activity correlated with the C S, US, CRs to the C S, and unconditioned responses to the US (Berthier and Moore, 1986; Thompson, 1990; Gould and Steinmetz, 1996; Katz and Steinmetz, 1997) . Berthier and Moore (1986) found 59% of Purkinje cells showed increased activity during CRs, whereas only 23% showed decreased activity. These numbers correspond well with studies by Gould and Steinmetz (1996) and Katz and Steinmetz (1997) , who found a ratio of 2:1 in the number of Purkinje cells with increased activity during conditioning relative to those with decreased activity. Moreover, Berthier and Moore (1986) recorded from the right gyrus of lobule H V I and their electrode tracks were located along the medial edge of that gyrus. Consequently, although Berthier and Moore (1986) did not identify the microzonal location of the in vivo recordings, the locus of Purkinje cells with an increase in activity was similar to the location of the current area and that first described by Schreurs et al. (1997a) . A more precise correspondence between the Purkinje cells being studied in vivo and in vitro requires anatomical and functional localization of the recording sites.
The prevailing view of cerebellar output circuitry is that Purkinje cells inhibit the deep nuclei of the cerebellum which, in turn, send excitatory outputs to the red nucleus (Eccles et al., 1967) . In the case of a conditioned NMR-eyelid response, C S and US inputs reach both the cerebellar cortex and deep nuclei, and excitation of the red nucleus by the deep nuclei drives motorneurons in accessory abducens and facial motor nuclei responsible for nictitating membrane sweeps and eyelid closure (Thompson, 1986) . Accordingly, an increase in Purkinje cell excitability should result in an increase in inhibition of the deep nuclei with a consequent decrease in excitation of cells in the red nucleus and a decrease in elicitation of the CR. The same outcome might result from the 2:1 increase in conditioning-related in vivo activity of Purkinje cells noted above.
There are findings that question these prevailing assumptions about cerebellar structure and f unction. De Z eeuw and Berrebi (1995) have shown that deep cerebellar neurons receive excitatory as well as inhibitory inputs from Purkinje cells. De Zeeuw and Berrebi (1995) also found that individual Purkinje cells innervate both inhibitory and excitatory deep cerebellar neurons (Chan-Palay, 1977) . Consequently, a conditioning-specific increase in Purkinje cell dendrite excitability could produce a CR through selective excitation and /or disinhibition of deep cerebellar nuclei.
Even if the relevant corticonuclear connections associated with the NMR-eyelid were inhibitory (De Z eeuw and Berribe, 1995; Teune et al., 1998) , recent information about cerebellar function suggests testable hypotheses about the role Purkinje cell excitability might play in conditioning. First, increased Purkinje cell output could induce long-term depression of inhibitory corticonuclear synapses leading to an increased excitatory cascade to the red nucleus and motorneurons. Evidence for depression of an inhibitory synapse comes from a cerebellar slice experiment in which pairings of depolarizing current and application of the GABA B agonist baclofen resulted in a pairing-specific reduction in the size of the baclofen response . Experiments in hippocampus show that after pairings, GABA synapses can be converted from inhibitory to excitatory (Collin et al., 1995) . Second, increased Purkinje cell excitability induces an increased firing of local dendritic calcium spikes that has been shown to result in a pronounced afterhyperpolarization (Midtgaard, 1995) . Consequently, after an excitability-induced burst of calcium spikes, the ensuing afterhyperpolarization would silence the Purkinje cell, which, in turn, would allow deep nuclei to excite the red nucleus and the CR could ensue.
Previous studies of neural correlates of classical conditioning have found changes in cellular excitability that last for only several days after conditioning. In the invertebrate Hermissenda, Matzel et al. (1992) found that changes in input resistance after conditioning were detectable up to 6 d after conditioning. Interestingly, Matzel et al. (1992) noted that conditioning-specific changes in input resistance of the Hermissenda B photoreceptor could be reinstated 14 d after original conditioning by renewed training. In rabbit NMR-eyelid conditioning, Moyer et al. (1996) and Thompson et al. (1996) found that changes in the AHP of hippocampal CA1 and CA3 cells returned to baseline levels 7 d after conditioning. Moyer et al. (1996) and Thompson et al. (1996) failed to reinstate conditioning-specific changes in hippocampal cells 14 d after training even if renewed pairings produced asymptotic levels of conditioning. In contrast, the present data provide evidence for neural correlates of learning that persist for 1 month after conditioning in the absence of further training.
The potential role of potassium channels in learning-specific changes in Purkinje cell membrane excitability is consistent with observations of a conditioning-specific role for potassium channels in Hermissenda and rabbit hippocampus (Alkon, 1989; . In Hermissenda, classical conditioning induces an inactivation of I A and Ca 2ϩ -dependent K ϩ channels resulting in an increase in cell excitability (Alkon, 1984) . In rabbit hippocampal CA1 pyramidal cells, classical conditioning induces a reduction in a Ca 2ϩ -dependent K ϩ current through the cell membrane (Coulter et al., 1989; Sanchez-Andres and Alkon, 1991) . Woody et al. (1991) reported changes in cat motor cortex pyramidal cell I A after pairing of a click with a glabela tap. In the cerebellum, local dendritic calcium spikes are correlated with changes in local internal calcium concentration and controlled by transient outward potassium current (I A ) inactivation (Llinas and Sugimori 1980; Midtgaard et al., 1993; Midtgaard, 1995) . The present evidence suggests that conditioning-specific increases in dendritic excitability are mediated by changes in I A -like potassium currents.
